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The lowest six rotational bands have been studied in the particle-rotor model with the particle- 
hole configuration nh^^ ® v ^ l ii/2 anc ^ different triaxiality parameter 7. Both constant and spin- 
dependent variable moments of inertial (CMI and VMI) are introduced. The energy spectra, elec- 
tromagnetic transition probabilities, angular momentum components and 7f -distribution have been 
examined. It is shown that, besides the band 1 and band 2, the predicted band 3 and band 4 in 
the calculations of both CMI and VMI for atomic nuclei with 7 = 30° could be interpreted as chiral 
doublet bands. 
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Chirality is a subject of general interest in molecular 
physics, elementary particle physics, and optical physics. 
In atomic nuclear physics, the occurrence of chirality was 
originally suggested in 1997 by Frauendorf and Meng in 
the particle-rotor model (PRM) and tilted axis cranking 
(TAC) approach for triaxially deformed nuclei [l[. The 
predicted patterns of spectra exhibiting chirality were ex- 
perimentally observed in 2001 0. Since then, the inves- 
tigation of chiral symmetry in atomic nuclei has become 
one of the most hot topics in nuclear physics. Hitherto, 
more than 20 candidate chiral doublet bands in odd- 
odd nuclei are proposed in the A ~ 100, A ~ 130, and 
A ~ 190 mass regions. In addition, a few more candi- 
dates with more than one valence particle and hole were 
also reported in odd- A and even-even nuclei. For a re- 
view, see e.g. Q. Even though there are many candidate 
chiral nuclei, the interpretation of the observed pair of 
near degenerate AI = 1 bands with the same parity as 
the chiral doublet bands is still an open question, accom- 
panied with several competitive mechanisms [|[ . 

On the theoretical side, chiral doublet bands were first 
predicted by particle-rotor model (PRM) and tilted axis 
cranking (TAC) model for triaxially deformed nuclei [l|. 
Later on, numerous efforts have been devoted to the de- 
velopment of TAC methods 0-0] and PRM models [UH) 
to describe chiral rotation in atomic nuclei. The char- 
acters of chiral doublet bands have been examined 
[l6j . Recently, the PRM has been extended to the case 
of many particles and/or holes couples to a triaxially de- 
formed core [ijj that allows for the study of more general 



chiral rotating nuclei. As the counterpart, the interact- 
ing boson-fcrmion-fermion model has also been used to 
study the chiral doublet bands [H, [l|| . 

In Ref. [2(| , the possible existence of multi-chiral dou- 
blet bands (M%D) in a single-nucleus 106 Rh has been 
proposed based on the triaxial rclativistic mean-held cal- 
culations and been confirmed later in the similar calcu- 
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lations but with time-odd components [21( . Several min- 
ima with large triaxial deformation but with different 
high-j proton-particle and neutron-hole configurations, 
which are favorable for nuclear chirality, were found in 
the calculated potential energy surfaces of the rhodium 
isotopes i04,i06,i08,uo Rh p_ 

In comparison with the M;\T) that differ from each 
other in the triaxial deformations and multiparticle con- 
figurations, more than one pair of chiral doublet bands 
may also exist in a single nucleus with the same particle- 
hole configuration, i.e., not only the yrast and yrare 
bands but also two higher excited bands might be chi- 
ral partners. In the PRM with either a rigid or a soft 
triaxial core, the properties of chiral bands, including 
the yrast and yrare bands as well as the higher excited 
bands in an odd-odd nucleus were calculated [H[ . It has 
been shown that the properties of the two higher excited 
bands (bands 3 and 4), including the reduced probabil- 
ities of E2 and Ml transitions between two states with 
AI = 1 and staggering patterns, are similar to those of 
the yrast and yrare bands. It gives us a hint that bands 
3 and 4 could be chiral partners as well [23| . These facts 
motivate us to make more detailed theoretical studies for 
the higher excited bands of chiral rotating nuclei. Par- 
ticular attention will be paid to examining their chiral 
geometry. 

The PRM, in which the total angular momentum is 



2 



> 



6 - 



CM] 

I I I | I I I | I I I | I I I | I I I Ml/1 1/ 




an 



VMI 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

-□—Band 1 

■ Band 2 
-o-Band 3 

• Band 4 >A S 

-A-Band 5 J* . ' 



CMI 




12 16 20 24 28 32 8 12 16 20 24 28 32 



l(Tl) 



\(h) 



FIG. 1: The six lowest energy levels as a function of spin, 
calculated by the PRM with the CMI (left panel) and VMI 
(right panel). The corresponding grouped bands are labeled 
as band 1-6 in accordance with the increasing energy of the 
state 8+ 



a good quantum number, has made great success in the 
investigation of chiral rotating nuclei in different mass 
region. Therefore, in this brief report, we would like to 
adopt this model to make a further study for the lowest 
six rotational bands (bands 1-6), searching for the higher 
chiral doublet bands. 

The detailed formalism for PRM can be found in 
Refs. [H, i E3. In the calculations, wc take the sym- 
metric particle-hole configuration nhn/2 <8> v h~^ 2 cor- 
responding to the A ~ 130 mass region and the triax- 
ial deformation parameter 7 = 30°. In the calculation 
of electromagnetic transitions, the intrinsic quadrupolc 
moment Qo = (3/\/5tt)RqZI3 is taken to be 3.5 eb. The 
gyromagnetic ratios gn = Z/A = 0.44, and g p = 1.21, 
Qn = —0.21 are adopted as Ref. [ll|. Both constant Jo 
(CMI) and spin-dependent variable J {I) (VMI) moment 
of inertia are introduced to simulate the rigid and vari- 
able cores, where the VMI [24| is taken the same form as 
Refs. Wkwk 



J = Jo^l + bI(I+l), 



(1) 



with Jo = 30 MeV^ft 2 and b = 0.01. 

Figure[T]displays the six lowest energy levels I a =i,6 as a 
function of spin /, calculated by the PRM with both CMI 
and VMI. All the calculated levels have been grouped into 
six bands which are labeled as bands 1-6 in accordance 
with the order of the energies of the states 8+. 

As shown in Fig. [TJ the degeneracy is found not only 
between band 1 and band 2, but also between band 3 and 
band 4 in some spin region. Quantitatively, the energy 
difference between the band 3 and band 4 in / > 16ft 
region is within 310 keV in the calculation with CMI, and 
30 keV in the calculation with VMI. Similar degeneracy 
with relative larger energy difference is observed between 
band 5 and band 6. It is noted that the excitation energy 
E(I) from the calculation of VMI becomes approximately 
linear spin-dependent as the spin / 3> 10ft, in which case, 
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FIG. 2: The intraband electromagnetic transition probabili- 
ties B(M1) and B(E2) of band 1-4 as functions of the total 
spin, calculated in PRM with the CMI (upper panel) and VMI 
(lower panel). 



the collective rotation of core becomes dominate with 
moment of inertia J ~ 3/ MeV _1 ft 2 . 

Besides the small energy difference, the selection 
rule [Io| and the similarity of the electromagnetic tran- 
sition probabilities are remarkable characters for chiral 
doublet bands. The intraband electromagnetic transition 
probabilities B(M1;I ->• / - 1) and B(E2;I -^1-2) 
of bands 1-4 in the PRM calculations with the CMI and 
VMI are plotted in Fig.O As discussed in Refs. QUBji, 
the band 1 and band 2 at I = 15ft, as well as the band 3 
and band 4 at I = 17, 18, 19ft, from the calculations with 
CMI have been exchanged to ensure that the bands are 
organized based on B(E2). Similarly, for the calculations 
with VMI, one should exchange the band 1 and band 2 
at I = 17, 19, 21ft, as well as the band 3 and band 4 at 
I = 19, 21ft. It is shown that the intraband electromag- 
netic transition probabilities B(M1) and B(E2) of the 
band 3 and band 4 are quite similar in the calculations 
with CMI and almost exactly the same in the calcula- 
tions with VMI. Moreover, similar behaviors of B(M1) 
and B(E2) as functions of spin in band 3 and band 4 with 
those in band 1 and band 2 are observed. The obvious 
difference is the spin value where the odd-even spin stag- 
gering in B{Ml) or B(M1)/B(E2) occurs. The above 
phenomena indicate that the static chirality may form 
between band 3 and band 4 in spin / > 20ft region. 

It is noted that an evident difference between the cal- 
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FIG. 3: Components along the intermediate (i, squares), short 
(s, triangles), and long (1, circles) axes of the angular momenta 
of the core Rk = (i?|) 1//2 , valence neutron J n k = (j 2 ,fc) 1//2 , and 
valence proton J p k = (jpk) 1 ^ 2 f° r the band 3 and band 4 in 
PRM with both CMI (upper panel) and VMI (lower panel) . 
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FIG. 4: Probability distributions for projections K of total 
angular momentum on the long (1), intermediate (i), and short 
(s) axes for the band 3 and band 4 in PRM with both CMI 
(upper panel) and VMI (lower panel). 



culations with the CMI and VMI is the amplitudes of 
odd-even spin staggering in B(M1) values, which are 
gradually decreasing with the increasing of spin in the 
calculations of CMI. While, in the calculations of VMI, 
the amplitudes of odd-even spin staggering are almost 
spin-independent. It implies that the calculations of VMI 
would present a little different chiral geometry from that 
given by the calculations of CMI. 

In addition, we have calculated the electromagnetic 
transition probabilities in band 5 and band 6. The intra- 
band transitions B{M1) and B(E2) of band 5 and band 
6 arc quite different, irrespective of what 7 value being 
used. 

The ideal chiral picture in atomic nuclei is formed by 
three mutually perpendicular angular momenta, i.e., the 
collective angular momentum of triaxially deformed core 
with 7 = 30° favors alignment along the intermediate 
axis, whereas the angular momentum vectors of the high- 
j valence particles (holes) favor alignment along the nu- 
clear short (long) axis. Therefore, to examine the chiral 
geometry of band 3 and band 4, the rms values of the an- 
gular momentum components for the core Rk = (R 2 ) 1 / 2 , 
the valence neutron J n k = (j 2 ^) 1 / 2 , and the valence pro- 
ton Jpk = (jpk} 1 / 2 for the band 3 and band 4 from the 



PRM calculations with both CMI and VMI are plotted 
in Fig. [3J where the indices k = i,l,s represent the inter- 
mediate^), short(s), and long(l) axes respectively. 

As shown in the Fig. [31 the calculations with CMI and 
VMI both present the aplanar rotation for band 3 and 
band 4. Specifically, the core angular momentum mainly 
aligns along the intermediate axis in the calculations with 
both CMI and VMI due to its largest moment of in- 
ertia. For the case of CMI, the hn/2 valence neutron 
hole mainly aligns along the long axis at the beginning 
of the bands. As the total angular momentum / > 20ft, 
it lies in the plane defined by the I axis and i axis. In 
the mean time, the /in/2 valence proton lies in another 
plane defined by the s axis and i axis. The three angu- 
lar momenta together form an aplanar geometry. Such 
a picture is slightly different from that of VMI, in which 
case, the ftn/2 valence neutron hole mainly aligns along 
the I axis, and the valence proton mainly along the s axis 
at all spin values. 

Furthermore, it has been shown in Ref. [I?} that the 
static chiral rotational bands (band 1 and band 2) have 
similar A'-distribution, = ^ Q |Cj fa | 2 , where the Cj (a 
is the expansion coefficient of total wave function on the 
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strong coupling basis || . Similar if -distribution has been 
found between static chiral doublet bands. In Fig. [H we 
display the A'-distribution of I = 20ft and 32ft states in 
band 3 and band 4 on the I, i, s axes from the PRM calcu- 
lations with the CMI and VMI. In the calculations with 
the CMI, the if-distribution of I = 20ft states is some- 
what different in band 3 and band 4. As the increasing 
of spin, the TGdistribution becomes similar, especially 
at I = 32ft. In comparison with the results of CMI, 
the if-distribution of band 3 and band 4 is similar even 
for the state with spin / = 20h. It indicates that band 

3 and band 4 have the characters of static chirality in 
spin I > 20ft region. Moreover, the calculations with the 
VMI present better chiral characters in band 3 and band 

4 than those in the calculations with the CMI. 

In addition, the properties of band 3 and band 4 from 
the PRM calculations with different triaxiality parameter 
between 15° < 7 < 30° are also examined. We find that 
the deviation of 7 from 30° makes the static chirality 
violated quickly in band 3 and band 4. It indicates that 
the chiral geometry of band 3 and band 4 is much more 
sensitive to the triaxial deformation than that of band 1 
and band 2. 

In summary, the lowest six bands have been stud- 
ied in the particle-rotor model with the configuration 
7r ' l ii/2 ® v ^Hxli corres P on( iing to A ~ 130 mass region 



and different values of triaxiality parameter. Both con- 
stant and spin-dependent variable moments of inertial 
have been introduced. The energy spectra, electromag- 
netic transition probabilities, angular momentum compo- 
nents and /^-distribution have been examined. All cal- 
culated quantities indicate that besides the band 1 and 
band 2, the band 3 and band 4 could also form chiral 
doublet bands in certain spin region (I > 20ft) for atomic 
nuclei with triaxiality parameter 7 = 30°. However, the 
chiral geometry of band 3 and band 4 has been found to 
be strong sensitive to the 7 value. The calculations with 
the spin-dependent variable moment of inertial have been 
shown to present better chiral rotation characters of band 
3 and band 4 than that with the constant one. 
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